Dim radio-quiet neutron star (DRQNS) 1E 1207.4-5209 is one of the most heavily examined isolated neutron stars. Wide absorption lines were observed in its spectrum obtained by both XMM-Newton and Chandra X-ray satellites. These absorption lines can be interpreted as a principal frequency centered at 0.7 keV and its harmonics at 1.4, 2.1 and possibly 2.8 keV. The principal line can be formed by resonant proton cyclotron scattering leading to a magnetic field which is two orders of magnitude larger than the perpendicular component of the surface dipole magnetic field (B) found from the rotation period (P) and the time rate of change in the rotation period (Ṗ) of 1E 1207.4-5209. Besides, age of the supernova remnant (SNR) G296.5+10.0 which is physically connected to 1E 1207.4-5209 is two orders of magnitude smaller than the characteristic age (τ =P/2Ṗ) of the neutron star. These huge differences between the magnetic field values and the ages can be explained based on a B-decay model. If the decay is assumed to be exponential, the characteristic decay time turns out to be several thousand years which is three orders of magnitude smaller * askin.ankay@boun.edu.tr † arzu.mert@boun.edu.tr ‡ ercan@boun.edu.tr 1 than the characteristic decay time of radio pulsars represented in an earlier work. The lack of detection of radio emission from DRQNSs and the lack of point sources and pulsar wind nebulae in most of the observed SNRs can also be partly explained by such a very rapid exponential decay. The large difference between the characteristic decay times of DRQNSs and radio pulsars must be related to the differences in the magnetic fields, equation of states and masses of these isolated neutron stars.
Introduction
Today, several different types of isolated neutron stars which have comparably very different physical properties are known. These are radio pulsars, dim radio-quiet neutron stars (DRQNSs), dim thermal neutron stars (DTNSs), anomalous X-ray pulsars (AXPs) and soft gamma-ray repeaters (SGRs). About 1700 radio pulsars have been observed up to date 1 , some of which have also been detected in other bands of the electromagnetic spectrum. Radio pulsar is relatively the most well known and understood object both theoretically and observationally among all the classes of isolated neutron stars.
DRQNSs, DTNSs and AXPs-SGRs are new types of isolated neutron stars (point X-ray sources). All AXPs-SGRs, which should be considered as a single class, and some DRQNSs and DTNSs, which are cooling neutron stars with short (P∼few 100 milliseconds) and long (P∼few seconds) rotation periods respectively, show themselves as X-ray pulsars. AXPs and SGRs (which have also long rotation periods similar to DTNSs and which experience X-ray and γ-ray bursts) may be in early phases of at least some of the DTNSs based on field decay models (see Fig.1 ). Recently, Ankay et al. 2 have shown the possibility that radio-quiet strong X-ray pulsar J1846-0258 may be in a phase preceding AXP-SGR and/or DTNS phases based on a detailed comparison between the observational characteristics of these sources.
None of the DRQNSs, DTNSs or AXPs/SGRs has been detected at radio frequencies with the exception AXP XTE J1810-197 from the direction of which radio emission at 1.4 GHz has been detected 3 , but this radio emission may also be produced by a possible pulsar wind nebula (PWN) around this AXP.
There are only a few observationally known DRQNSs. All of them are physically connected to Galactic supernova remnants (SNRs) which have ages less than about 20 kyr 4, 5 . There are two basic observable quantities of isolated pulsars: the rotation period P and the time rate of change of the rotation periodṖ. Time rate of change of the rotational kinetic energy of a rigid body iṡ
where I is the moment of inertia and Ω=2π/P is the rotational velocity. The component of the dipole magnetic field of pulsar which is perpendicular to the rotation axis also depends on P andṖ:
where c is the speed of light in free space and R is the radius of pulsar.
If we assume that the time rate of change of the rotational velocity of pulsar can be expressed as a power law:
where k is a proportionality constant and the power n is called the 'braking index', then the real age of pulsar can be represented in terms of P andṖ as:
where P 0 is the initial rotation period of pulsar. If P 0 is much less than P:
Magneto-dipole radiative power of pulsars is
where B p is the strength of the dipole magnetic field at the magnetic pole and α is the angle between the rotation axis and the magnetic axis 6 . IfĖ (eqn. (1)) is equal to L (eqn. (6)) (i.e. if the net torque on pulsar is equal to the magneto-dipole radiation torque), then the braking index turns out to be n=3 (assuming also that eqn.(3) can be applied to express the rotational evolution of pulsar). In such a case, the characteristic age (τ ) of pulsar is defined using the n=3 condition in eqn.(5):
So, when n=3 and P 0 ≪P, τ is approximately equal to the real age of pulsar. When n is greater (less) than 3, τ is greater (less) than the real age. So, if there are extra torques on pulsar which spin it down in addition to the effect of the magneto-dipole radiation torque, the pulsar will evolve with largerṖ values compared to the case of pure magneto-dipole radiation torque. On the other hand, if there is B-decay, theṖ values the pulsar has throughout the evolution will be smaller. Note that the braking index n should be adapted as the average braking index (n) of pulsar when considering long time intervals in pulsar's lifetime, because the value of 'instantaneous' (i.e. considering very short time intervals compared to the lifetime of pulsar) braking index may change in time in a complicated way in general. Although, none of the DRQNSs has been detected at radio frequencies, this does not necessarily mean that they have no radio emission. There are basically two selection effects (other than the background radiation which is effective only on the sources located in the Galactic central directions, see Ankay et al. 7 ) which can prevent detection of the radio emission: the beaming fraction and the luminosity function. Based on radio pulsar observations, there exists a strong evidence that beaming fraction decreases in time possibly because of the angle between the rotation axis and the magnetic axis (α) decreasing during the evolution and the large number of the observed radio pulsars with possibly small values of α supports this interpretation 8 . Indeed, the existence of B-decay (where B is the component of the dipole magnetic field perpendicular to the rotation axis) for a large sample of radio pulsars was shown by Guseinov et al. 9 by comparing the characteristic ages of radio pulsars with their kinematic ages (i.e. their distances from the Galactic plane). Guseinov et al. 9 assumed an exponential decay with a characteristic decay time τ d =3×10 6 yr. The cause of B-decay in the case of radio pulsars can be a temporal decrease in α, but the possibility of a decay in the dipole magnetic field itself can not be totally excluded (see e.g Geppert & Rheinhardt 10 on the possibility of magnetic field decay in neutron stars). The other selection effect is related to radio luminosity versus number distribution of radio pulsars (luminosity function). Based on the observational data, most of the radio pulsars must have low radio luminosity at birth and the radio luminosity, which is only a small fraction of the magneto-dipole radiation produced by the pulsar, does not change significantly in time 11 . As mentioned above, all the known DRQNSs are connected to Galactic SNRs with ages ≤2×10 4 yr. Most of the Galactic SNRs are shell-type 12−15 and many of these SNRs lack detected point sources or PWNe in them. Direct detection of neutron stars in many of the SNRs may not be possible because of the selection effects and the large distances. On the other hand, PWN is not seen around pulsars which have rate of rotational energy loss For 1E 1207.4-5209, there are 2 problems based on its position on the P-Ṗ diagram ( Fig.1) : first of all, its present B value is much less than the magnetic field measured from its 0.7 keV proton cyclotron line detected by both Chandra and XMM-Newton. Secondly, the τ value of this DRQNS is much larger than the age of the SNR which it is physically connected to. Below, we will present a B-decay model in order to clarify these problems and to explain the possible evolution of 1E 1207.4-5209.
In Section 2, the observational data on 1E 1207.4-5209 are represented. In Section 3, an exponential B-decay model is introduced as a possible evolutionary scenario for this DRQNS. In the last section, discussions and conclusions are represented.
2 The observational data on 1E 1207.4-5209 DRQNS 1E 1207.4-5209 is the only known isolated neutron star which have X-ray absorption lines clearly observed in its spectrum. The possible proton cyclotron line (0.7 keV) of 1E 1207.4-5209 and its harmonics at 1.4 and 2.1 keV (and possibly at 2.8 keV) detected by XMM-Newton (260 ks observation 18, 19 Assuming conventional values of mass and radius for 1E 1207.4-5209 and using its measured P=424 ms andṖ ∼ =1.4×10 −14 ss −1 values, one finds B ∼ =2.5×10
12 G. This leads to a very small angle between the magnetic axis and the rotation axis: α ∼ =0 o .9. On the other hand, SNR G296.5+10.0, which is physically connected to 1E 1207.4-5209, has age t SN R ∼ = 10 kyr 4,5,15 and the characteristic age of 1E 1207-5209 τ ∼ =480 kyr. The difference between t SN R and τ leads to a very large average braking index unless the initial rotation period (P 0 ) of the pulsar is comparable to its present P value. If 1E 1207.4-5209 has evolved with n=3 since it was born, it should have P 0 ∼ =420 ms (see eqn.4). A neutron star born with such a large rotation period is a significant problem for theories on core-collapse supernovae and formation of pulsars (see Ardeljan et al. 21 , Moiseenko et al. 22 and Heger et al.
23,24
on the necessity of rapid rotation for newborn neutron stars), though this possibility may not be totally excluded.
3 B-decay model for 1E 1207.4-5209
We can explain the huge difference between t SN R and τ and the large discrepancy between B cyclotron and B by a simple B-decay model. We will assume an exponential decay similar to Guseinov et al. 9 who showed the existence of B-decay for a large sample of radio pulsars by comparing the kinematic ages with the characteristic ages. Assuming conventional values of mass and radius for the pulsar and using eqn.(2), the exponential B-decay can be written as: In this analysis, we assume that a possible evolution withn <3 when the pulsar is very young compared to its present age will have a negligible influence on its evolution on the P-Ṗ diagram.
In the B-decay model introduced above, the characteristic age can be written as a function of τ d and t as:
with the condition t≫τ d . Using eqns. (7), (8) and (9), we have found the positions on the P-Ṗ diagram (shown by 'light squares' in Fig.1 ) corresponding to different evolutionary tracks based on the B-decay model. In Fig.1 , the points ('light squares') a (t=5 kyr), b (t=10 kyr) and c (t=15 kyr) are on the evolutionary track with B 0 =2×10 13 G and τ d =2.5 kyr. The points d (t=10 kyr), e (t=15 kyr) and f (t=20 kyr) correspond to the evolutionary track with B 0 =2×10 13 G and τ d =5 kyr. The points g (t=5 kyr), h (t=10 kyr), i (t=15 kyr) and j (t=10 kyr), k (t=15 kyr), l (t=20 kyr) are on the evolutionary tracks with B 0 =4×10 13 G, τ d =2.5 kyr and B 0 =4×10 13 G, τ d =5 kyr, respectively.
The present position of 1E 1207.4-5209 on the P-Ṗ diagram is in between the last two tracks (B 0 =4×10 13 G, τ d =2.5 kyr and B 0 =4×10 13 G, τ d =5 kyr, see Fig.1 ). We can conclude that B 0 ∼ =4×10 13 G and τ d ∼ =3.75 kyr for this DRQNS in the B-decay model. The corresponding initial value of the angle between the rotation axis and the magnetic field axis is α 0 ∼ =14 o .5.
Discussions and Conclusions
If the present surface dipole magnetic field of 1E 1207.4-5209 is about 1.6×10
14
G based on resonant proton cyclotron scattering measurements and since B 1207 =2.5×10 12 G, there may be a decay in the angle α between the rotation and the magnetic axes (but not a decay in the magnetic field itself) considering the huge difference between the characteristic age of 1E 1207.4-5209 and the age of its SNR. This can be explained by a simple exponential Bdecay model. Characteristic time of the exponential decay must be about 2.5-5 kyr depending on the initial value of B which must be in the interval B 0 =(16-2)×10
13 G. Such a rapid decrease in α leads to a short lifetime (possibly about (1-2)×10
4 yr taking into consideration the ages of the SNRs physically connected to DRQNSs) for this type of neutron star as an X-ray pulsar and this may also be the reason for the lack of detected radio emission from such neutron stars as the radio beam width can be narrower compared to the X-ray beam width. After about (1-2)×10
4 yr pass since the birth of such a pulsar, it can be detected as a cooling neutron star (but not as an X-ray or radio pulsar) if it is located close enough to the Sun. This result can be used to explain the lack of detected point sources in at least some of the Galactic SNRs (especially the distant ones) as the lifetime of an SNR can be as long as 10 5 yr. The huge difference between the characteristic age of 1207.4-5209 and the age of its SNR may in principle be explained by assuming that this DRQNS was born with an initial rotation period very close to its present rotation period. But such a long initial rotation period (P 0 ∼ =420 ms) contradicts the estimations based on existing theories on formation of neutron stars by core-collapse supernovae (which predict one order of magnitude smaller P 0 values).
On the other hand, the huge difference between the surface dipole magnetic field (about 1.6×10
14 G obtained from the cyclotron line measurement) of 1E 1207.4-5209 and its B value (about 2.5×10
12 G) can not be explained by assuming a constant and very small initial angle (α 0 ∼ =0 o .9) between the rotation and magnetic axes, if the initial rotation period is much less than the present rotation period (i.e. if the average braking index is much greater than 3, see eqn.4 and eqn.5). There may be basically two different magnetic fields in neutron stars: the magnetic field formed by superconducting entrainment currents which is parallel to the rotation axis and the 'relic' magnetic field (which may be homogeneous inside and in the form of a dipole field on the surface of the neutron star) which is formed when the progenitor star collapses leading to supernova explosion 25, 26 . The relic magnetic field axis can have an arbitrary angle (α) with respect to the rotation axis and the resultant magnetic field will be a superposition of the two magnetic fields.
As the axis of the relic magnetic field approaches the rotation axis, the magnitude of the resultant surface magnetic field (i.e. the total magnetic field on the surface which is the superposition of the relic field and the field formed by the superconducting entrainment currents) increases and its component which is perpendicular to the rotation axis decreases in time. Since 1E 1207.4-5209 has most probably very high B cyclotron and comparably very low B (perpendicular component of the resultant surface magnetic field) and as this neutron star is observed as a pulsar, B cyclotron must be comparable to the resultant surface magnetic field which is increasing in time (or to the relic magnetic field as the magnetic field formed by the entrainment currents must be on the order of 10 12 G on average 25, 26 ). On the other hand, the actual low B value of 1E 1207.4-5209 as compared to the case of n=3 (see Fig.1 ) can be explained by the exponential decay as this perpendicular component decreases in time based on the discrepancy between the age values.
The increase in the magnitude of the resultant surface magnetic field of 1E 1207.4-5209 must be very small if the relic field is actually much higher than the entrainment field, so that the B cyclotron and hence the magnitude of the present resultant surface magnetic field must be comparable to the magnitude of the initial resultant surface magnetic field. On the other hand, the decrease in the perpendicular component of the resultant surface magnetic field must be very large (about one order of magnitude) in a very short time interval (∼ 10 4 yr) compared to radio pulsar lifetimes. In the case of radio pulsars, the increase in the magnitude of the resultant surface magnetic field must be relatively large (up to a factor of about 1.5) based on the known B values of radio pulsars and the prediction on the average strength of the entrainment field, and the decrease in the perpendicular component of the field must exist on a much longer timescale. Comparing the magnetic field values of 1E 1207.4-5209 with the B values of most of the radio pulsars together with the age discrepancy for 1E 1207.4-5209 -SNR G296.5+10.0 pair (which also exists for several other pulsar -SNR pair but without any clearly detected cyclotron line) may be an evidence for the existence of two different magnetic fields for neutron stars; the relic field and the entrainment field. The interaction between the superconducting entrainment currents and the relic field may be the reason for the decrease in α. Such a possible interaction between the two fields throughout the evolution of neutron stars with different initial intrinsic physical conditions has yet to be examined.
The rate of temporal decrease in α (and hence the evolution of the perpendicular component of the total surface dipole magnetic field) may depend on both the relic and hence the resultant magnetic field, the mass and the equation of state of the neutron star (it may also depend on the initial value of α). The changes inṖ observed for 1E 1207.4-5209 may also be explained by oscillations in the magnetic dipole axis as it approaches the rotation axis. Such changes inṖ must also exist in other 1207-like isolated radio-quiet X-ray pulsars.
As a comparison please note that the magnetic field values of accreting X-ray pulsars in X-ray binaries obtained from cyclotron line measurements are on the order of 10 12 G 27 , that is comparable to the predicted surface magnetic fields due to the entrainment currents 25, 26 , and the B values of recycled millisecond pulsars are several orders of magnitude smaller (see BisnovatyiKogan & Komberg 28,29 who gave the first reliable explanation for the magnetic field decay in X-ray binaries by accretion and the formation of recycled millisecond pulsars). The surface magnetic field in the case of X-ray binaries most probably decreases because of the plasma falling upon the surface of the neutron star during the accretion process 28−32 . A decrease in the resultant surface field because of accretion and maybe also a decrease in the value of α (but on a much longer timescale compared to the 1E 1207.4-5209 case) may explain the measured conventional 10 12 G magnetic field values of X-ray pulsars in binary systems and the very low perpendicular components of the resultant surface field of recycled millisecond pulsars.
As a last remark we would like to note that the birth rate of 1207-like X-ray pulsars must be about 20-30% of the total supernova rate (excluding type-Ia supernovae as this type of explosion most probably does not lead to formation of a neutron star) taking into consideration that the lifetime of such sources as X-ray pulsars must be about 2×10 4 yr because of rapid B-decay (see Guseinov et al.
5 on the birth rates of different types of isolated neutron stars including dim radio quiet neutron stars some of which seem to be 1207-like objects based on the existing observational data).
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